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ABSTRACT 


In  this  research,  analog  active  circuits  are  analyzed  and  designed  using  periodic 
sampling  techniques.  Switched  capacitor  networks  are  the  basis  of  these  techniques. 
A  parasitic  free  switched  capacitor  network  is  combined  with  composite  operational 
amplifiers  to  facilitate  mq)lementation  of  low  sensitivity,  wide  bandwidth,  analog 
integrated  circuits.  The  resulting  designed  network  is  implemented  into  a  finite  gain 
circuit  and  into  a  band  pass  filter  network.  The  results  of  these  applications  are 
compared  with  the  results  obtained  from  continuous  circuits  of  the  same  design. 
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I.  INTRODUCTION 


A.  OVERVIEW 

Operational  amplifiers  (op  amps)  are  a  mainstay  of  analog  and  digital  circuits. 
The  operational  an^lifier,  however,  has  limitations  that  current  tedmology  is 
pressing  to  improve.  Increased  bandwidth,  redu<»d  passive  and  active  sensitivity, 
reduced  component  size,  speed  and  accuracy  requirements  are  at  the  leading  edge 
of  technological  requirements.  A  composite  operational  amplifier  provides  a  means 
to  inq>rove  the  bandwidth  and  the  sensitivity  of  the  conventional  operational 
amplifier.  Integrated  circuits  that  employ  the  composite  op  amp  are  implemented 
with  continuous  resistors.  Switched  capacitor  networks  provide  the  vehicle  to  replace 
the  continuous  resistor  in  analog  and  digital  circuits  and  offer  significant  advantages 
over  continuous  resistors. 

Switched  capacitor  networks  provide  significant  improvement  in  size  reduction 
and  accuracy  in  the  manufacture  of  resistor  equivalent  circuits.  Switched  capacitor 
networks  come  in  maity  varieties,  each  offering  various  strength  and  weaknesses. 
Parasitic  capacitances  have  been  a  serious  problem  in  most  switched  capacitor 
networks. 

This  thesis  proposes  to'  combine  a  parasitic  free,  switched  capacitor  network 
with  a  composite  operational  amplifier.  The  proposed  combination  will  attempt  to 
combine  the  strengths  of  wide  bandwidth  and  low  passive  and  active  sensitivity  of  the 
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conqjosite  op  amps  with  the  reduced  size  and  high  accuracy  of  the  switched  capacitor 
networks.  This  will  provide  a  practical  implementation  of  an  analog  integrated 
c.  .oIh  realizing  a  parasitic  free,  switched  capacitor  composite  op  amp  with  superior 
performance  and  reduced  size  compared  to  most  of  the  existing  systems  available 
now. 

B.  OPERATIONAL  AMPLIHER  LIMITATIONS 

Sin^e  op  amps  implemented  on  integrated  circuit  (IC)  diips  are  widely  used 
in  analog  and  digital  circuitry.  Technology  has  increasingly  demanded  better 
performance  from  op  amps.  Although  the  op  amp  provides  excellent  performance, 
it  has  finite  limitations  in  bandwidth  performance,  sensitivi^,  speed  and  accuracy. 
The  gain  bandwidth  product  (GBWP),  a  product  of  the  finite  gain  of  the  amplifier 
and  the  3  dB  frequenty,  is  generally  considered  constant  in  a  single  op  amp.  The 
sensitivity  of  the  op  amp  to  active  components  is  also  well  established.  Speed, 
determined  by  slew  rate  limits,  and  accuracy,  determined  by  the  input  offret  voltage, 
are  rarely  found  in  a  single  op  amp. 

A  new  device  was  developed  using  a  um'que  combination  of  op  amps  to  reduce 
bandwidth  limitations,  passive  and  active  sensitivity,  slew  rate  and  input  offret  voltage 
limitations.  These  devices  are  called  composite  operational  amplifiers 
[Ref.  1].  The  general  design  procedure  combined  N  basic  op  amps  (e.g.,  LM741  or 
LF  356)  into  a  composite  structure  .  These  composite  op  amps  meet  or  exceed  the 


2 


existing  qualities  of  the  sin^e  op  amp  including  stability,  sensitivity.  Gain  Bandwidth 
Product  (GBWP),  supply  voltage  variations  and  speed. 

C  EXISTING  PROBLEMS  AND  SOLUTIONS 

The  IC  implementation  of  the  composite  op  amp  involves  resistors  which 
require  a  significant  amount  of  area  on  an  IC  chip.  The  switched  capacitor  network 
provides  a  means  to  replace  the  continuous  resistor  with  a  notable  savings  in  area 
requirements  and  a  significant  improvement  in  manufactured  accuracy.  The  accuracy 
of  the  switched  capacitor  network  can  be  eroded  tty  the  inherent  and  unpredictable 
error  caused  by  the  parasitic  capacitances  found  in  the  integrated  circuit  This  is 
particularly  crucial  for  switched  capacitor  circuits  in  that  they  depend  on  the  relative 
sizes  of  their  capacitor  components  to  determine  the  response  of  the  circuit  A 
parasitic  free,  switched  capacitor  network,  the  modified  Open  Floating  Resistor 
(OFR),  is  a  network  that  will  eliminate  the  inherent  and  unpredictable  error  present 
in  IC  switched  capacitor  implementations.  This  modified  OFR  network,  combined 
with  the  composite  op  amp,  will  provide  a  circuit  that  combines  high  bandwidth,  low 
sensitivity,  reduced  size  and  high  accuracy  into  a  single  network. 

D.  THESIS  ORGANIZATION 

The  implementation  of  a  parasitic  free  switched  capacitor  composite  op  amp 
circuit  is  the  goal  of  this  thesis.  This  thesis  will  examine  the  composite  op  anq)  in 
the  second  chapter.  The  strengths  and  weaknesses  of  the  composite  op  amp  will  be 
presented.  The  third  chapter  discusses  the  switched  capacitor  network.  The  basis 
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for  switched  capacitor  network  operation  will  be  covered  and  the  problems  inherent 
to  a  switched  capacitor  network  will  be  discussed.  The  fourth  chapter  will  discuss  a 
parasitic  free,  switdied  capacitor  network  that  will  be  utilized  in  the  design  of  the 
parasitic  free,  switched  capacitor  composite  op  amp.  The  fifth  duster  combines 
these  conqmnents  to  produce  a  parasitic  free,  switched  capacitor  composite 
operational  anq)lifier  that  can  be  implemented  into  filter  applications.  The 
implemented  circuitr  will  be  reviewed.  The  sixth  diapter  contains  the  results  ''f  the 
experimental  work  of  this  thesis.  The  seventh  chapter  draws  final  conclusions  and 
recommendations  for  future  research. 
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n.  COMPOSITE  OPERATIONAL  AMPLIFIERS 


A.  BACKGROUND 

Coiiq)osite  amplifiers  were  developed  by  S.  N.  Michael  and  W.  B.  Mickfaael  in 
1980.  Initial  investigations  were  centered  about  increasing  the  GBWP  and  decreasing 
the  passive  and  active  sensitivity  of  a  single  op  anq>.  Active  conq)ensation  was 
examined  and  applied  to  the  design  of  active  filter  networks.  The  resulting 
conq)osite  devices  had  three  external  terminals  which  resembled  the  input  and  output 
terminals  of  a  single  op  amp. 

In  the  design  of  two  op  amp  composite  amplifiers  (C20A),  a  nuUator-norator 
pairing  [Ret  1]  was  used  which  yielded  136  possible  combinations  of  op  amps.  Four 
of  the  136  possible  combinations  yielded  aa»ptable  results  based  on  the  following 
criteria: 


1.  The  non-inverting  and  inverting  open  loop  gains  of  each  of  the  136  CZOA's  were 
to  have  no  change  in  sign  in  the  denominator  polynomial  coefficients,  satisfying 
the  necessary  but  not  sufficient  conditions  for  stability.  Also,  the  need  for  single 
op  anqrs  with  matched  GBWP's  was  to  be  eliminated  resulting  in  low  component 
sensitivity. 

2.  The  external  three  terminal  performance  of  the  C20As  were  to  resemble,  as  dose 
as  possible,  the  terminal  performance  of  the  single  op  amp. 

3.  No  right  half  plane  zeros  due  to  the  single  op  anq>  pole  were  allowed  in  the 
dosed  loop  gains  of  the  C20As  (to  minimize  die  phase  shift). 
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4.  The  C20A  had  to  have  minimum  gain  and  phase  deviation  from  the  ideal  transfer 
function  and  extended  frequent  operation  to  justify  the  inaeased  number  of  op 
amps. 


Based  on  these  criteria,  the  following  designs  in  Figures  2.1  through  2.4  were 
found  to  yield  the  highest  response  and  most  accurate  results.  The  open-loop  gain 
iiqmt  output  relationships  for  these  four  C20As  are  shown  in  Table  2.1.  The 
transfer  functions,  3  dB  frequency  equations  and  the  Q  equations  for  the  four  chosen 
C20As  are  shown  in  Table  22.  [Ref.  2] 

Table  2.1  and  Table  22  provide  the  mathematical  badcground  for  the 
oonq)osite  op  anq)s  used  in  this  researdL  For  this  thesis,  Q  will  be  chosen  to  provide 
a  maximally  flat  gain  response.  Q  and  the  3  dB  frequency  are  dependent  on  the 
oon:q>ensation  resistor  ratio,  a  and  the  closed  loop  gain,  K.  The  necessary  and 
sufficient  conditions  for  stabilify  can  be  satisfied  as  shown  by  the  equations  in  Table 
23  via  the  Routh-Hurwitz  stabilify  criterion. 

B.  COMPOSITE  OPERATIONAL  AMPLIFIER  BANDWIDIH  IMPROVEMENTS 

The  bandwidth  of  the  single  op  anq>  is  finite.  The  single  op  anq>  inq)lemented 
as  a  finite  gain  amplifier  has  a  bandwidth  that  decreases  by  a  factor  inversefy 
proportional  to  the  gain  of  the  circuit  In  contrast  to  the  single  op  anq>,  the 
bandwidth  of  the  composite  op  anq>s  can  be  made  to  decrease  by  a  frctor  inversefy 
proportional  to  the  square  root  of  the  gam.  This  bandwidth  improvement  is 
measured  for  a  maximally  flat  gain  response.  This  maximally  flat  gain  re^nse  is 
adueved  when  the  value  of  Q  is  equal  0.707.  [Rei  3]  The  theoretical  frequency 
response  of  a  negative  finite  gain  conqx)site  op  amp  compared  to  the  frequent 
response  of  the  single  op  anq>  shows  an  increase  in  bandwidth  of  about  a  decade  for 
high  gain  implications. 

The  excellent  results  and  the  superior  stabilify  properties  of  the  C20A-1  and 
the  C20A-2  provide  the  most  attractive  configuration  for  a  finite  gain 
inmlementation  from  a  bandwidth  and  stabilify  point  of  view  [Rei  3].  The  C20A-1 
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Figure  2.1  C20A-1 


Figure  2.2  C20A-2 


Figure  2.3  C20A-3 


Figure  2.4  C20A-4 
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TABLE  1  C20A  Open-Loop  Gain  Input-Output  Relationships 


«  -  1  to  4) 

fordOA-l: 

"  •  A,  +  (1  ♦  a)  *  A,  ♦  (1  +  «) 

JbrC20A~2: 

y  y  d  ^  «) 

®  'A,  +  (1  +  a)  *  Aj  +  (1  +  «) 

forC20A~3: 

y  _  yr  ^  y 

"  "  ‘A,  +  (1  1.  e)  *  (1  ♦  e) 

jbrC204-4: 

V  y  «) 

"  ‘  (1  ♦  a)  *  (I  *  a) 

where  a  is  the  internal  eompensadon  resistor  ratio 
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TABLE  2  C20A  3  dB  Frequency  and  Qp  Functions 


JbrC20A-l: 


1  +  K 


0, 


JbiC2M-2-. 


Qj  Qj 

ntti 


forClOA-^i 


«P- 


N  (1  « (1  ♦ «) 


ybrC2Q4“4: 


«P- 


«i  "a 


N  (1  +  (1  ♦  a) 


0, 


wAere  u  is  Uie  internal  resistor  ratio  and  o, 


.  *  «) 

'  ^l  «i 


-  (1  *  g) 

>1 


(1  »  /t)  (1  ♦  tt) 
»2 


^  (1  ♦  «)  ©j 

if  the  iftree  dB  point 
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TABLE  3  Stability  Criteria  for  C20^ 


1  +  « 

< 

2 

far  C20A-m 

1  +  a 

<  1  +  jr 

for  C20A-3 

1  ♦  a 

<  4(1  ^  JD 

for  C2QA-A 

and  the  C20A-2  will  be  the  configurations  that  will  be  implemented  in  the  switched 
capacitor  composite  op  an^  circuits  of  this  thesis. 

C  COMPOSITE  OPERATIONAL  AMPLIFIERS  SENSmYITTES 

In  additicm  to  sigoificant  bandwidth  improvements,  the  C20 A  configuration  also 
offer  a  decreased  sensitivity  to  active  and  passive  components.  The  3  dB  frequency 
and  Q  are  functions  of  the  GBWPs  of  the  sin^e  op  anq>s  and  a,  the  value  of  the 
ratio  between  the  two  resistors  in  the  compc^ite  op  amp. 

The  finite  gain  transfer  functions  for  each  of  the  CZOAs  has  the  general  form 
of 

1  *  aa 

1  ♦  b^a  b^a*  (2.1) 


where 


til  ■ 


a 

0 


(2.2) 


and 


(2.3) 
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None  of  the  a  or  b  coefficients  are  realized  through  differences  which  guarantee  the 
low  sensitivity  of  the  transfer  functions,  the  3  dB  frequencies  and  Q  to  the  circuit 
parameters.  The  b  coefficients  are  always  positive  which  is  a  necessary  element  for 
the  transfer  functions  stability.  Figure  2.6  shows  that  a  mismatch  of  five  percent  in 
the  three  dB  frequencies  of  the  single  op  amps  results  in  a  five  percent  change  in  Up 
and  a  2.5  percent  diange  in  Q. 

D.  COMPOSITE  OPERATIONAL  AMPLIFIER  OFFSET  VOLTAGE  AND  SLEW 

RATE 

An  ideal  op  amp  that  has  both  iiq)uts  connected  to  ground  should  have  an 
output  of  zero  volts.  However,  actual  op  amps  exhibit  a  small  DC  voltage  called  the 
output  ofEset  voltage.  The  voltage  required  at  the  inputs  of  the  op  amp  to  force  the 
output  to  zero  is  called  the  offset  output  voltage.  In  a  typical  op  amp  (e.g.,  LM741), 
this  iiqmt  offset  voltage  is  on  the  order  of  several  millivolts.  The  outyut  offset 
voltage  is  caused  by  transistor  pairs  in  the  iiqmt  differential  stage  having  different 
gains  and  different  internal  resistances.  Bvtiy  amp  has  an  offset  ouqmt  voltage. 

The  offset  output  voltage  of  the  composite  amplifier  can  be  shown  to  be 
approximatety  the  offset  output  voltage  of  the  izput  op  anp,  Aj,  except  in  the  case 
of  C20A-1.  However,  this  ipproximation  holds  for  C20A>1  also  if  the  value  of  o 
is  large.  The  offset  output  voltages  for  the  four  CZOAs  are  shown  in  Table  4. 

Slew  rate  defines  the  rate  of  change  in  the  ouput  voltage  due  to  an 
instantaneous  input  voltage  change  in  an  op  amp.  The  slew  rate  is  dependent  on  the 
bias  current  and  the  conpensation  capadtor  value.  Inaeasing  the  slew  rate  of  a 
single  op  amps  results  in  the  increase  of  the  offret  voltage.  A  single,  fast,  accurate 
op  anp  is  inpossible  to  obtain  because  of  slew  rate  and  output  offret  voltage 
limitations.  A  high  slew  rate,  fast  settling,  wide  bandwidth  op  anp  in  the  A2,  output, 
position  wfll  provide  a  fast  ouput  stage  and  hence  a  fast  composite  cp  anp. 
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TABLE  4 

C20A  Input  Offset  Voltages 

C2a4-1 

C2a4-2 

C2a4-3 

*  ay  a) 

C20A-4 

Tlie  slew  rate  and  bandwidth  of  the  op  anq>  have  little  effect  on  the  ou^ut 
of  the  oonq)osite  amplifier.  Therefore  no  distortion  or  dynamic  range  limitations 
due  to  the  limited  performance  of  the  input  op  amp  is  seen  on  the  conq>osite 
an:q)lifiers  output  The  composite  op  an^  shows  all  the  ou^ut  performance 
characteristics  of  the  Aj  op  axnp. 

Thus  a  high«speed,  high  accuracy,  composite  amplifier  can  be  constructed  using  a 
low  iiqnit  offset  voltage  op  wap  as  the  input  stage  and  a  high  slew  rate  anq)lifier  as 
the  ou^ut  stage.  This  combination  can  be  realized,  only  due  to  the  fact  that  the 
GBWP  mismatch  of  the  op  amps  utilized  in  the  C20A  is  tolerated. 

Such  a  high-speed,  high-accura^  conqx^ite  amplifier  could  prove  to  be  very 
useful  in  A/D  and  D/A  converters,  switched  capacitor  networks,  as  well  as  many 
other  applications. 

E.  CONCXUSIONS 

This  chapter  contrasted  the  composite  op  anq>  with  the  single  op  amp. 
Superior  performance  in  the  areas  of  GBWP  and  sensitivity  are  the  primaiy 
motivations  for  the  inq>lementation  of  this  system  in  the  switdied  capacitor  network. 
The  improved  offset  voltage  and  slew  rate  performance  provides  additional  fl»ibility 
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in  the  utilization  of  the  composite  op  amp  in  switched  capacitor  applications.  A  brief 
orientation  to  switched  capacitor  networks  will  be  presented  in  the  next  chapter. 
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IlL  SWnOlED  CAPACITOR  NETWORKS 

A.  GENERAL 

Modem  active  filter  design  has  been  based  mainly  on  RC  filters.  Practical  RC 
filter  design  generally  includes  large  value  capacitors  and  high  precision  resistors  to 
achieve  accurate  time  constants.  Large  value  ci^adtors  and  high  precision  resistors 
have  been  a  major  obstacle  in  integrated  circuit  (IC)  implementation  of  active  filters. 

Switched  C3y>acitor  networks  provide  several  advantages  in  IC  manufacturing. 
A  primaiy  advantage  is  that  the  switched  capacitor  equivalent  resistor  Q^pically 
requires  only  a  fortieth  of  the  area  needed  for  a  continuous  resistor  [Ref.  4]. 
A  second  primary  advantage  is  gained  in  the  accurate  prediction  of  manufactured 
conqwnent  values.  Precise  values  of  C  and  R  are  required  for  the  accurate 
prediction  of  Q  and  to  obtain  accurate  realization  of  the  RC  time  constant  In 
addition  to  being  area  expensive,  integrated  resistor  inaccuracies  are  about  25%  and 
often  require  expensive  laser  trimming.  IC  inq>lementation  of  a  switched  capacitor 
network  can  produce  an  equivalent  resistor  with  a  comparative  csq)acitor  accuracy 
of  .1%. 

MOS  integrated  circuit  tedinology  has  found  wide  application  in  industry 
because  of  its  superior  logic  denrity  compared  to  that  achievable  with  bq’olar 
technologies.  A  unique  property  of  MOS  integrated  circuits  is  the  capability  to  store 
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charge  on  a  node  for  a  few  milliseconds  and  to  sense  this  charge  continuous^  and 
nondestrucdvely  [Ref.  5]. 

The  realization  of  the  RC  time  constant  can  be  controlled  in  MOS  SC 
technology  by  determining  the  dock  period  and  the  capadtor  ratios.  This  idea  made 
feasible  the  implementation  of  accurate  active  filters  in  IC  form.  In  addition,  MOS 
components  are  nearly  ideal  with  veiy  low  power  dissipation  and  good  tenq>erature 
stability.  Sanqpled  data  filters  can  be  fabricated  by  using  NMOS  and  CMOS 
processing  [Ret  4].  Digital  and  analog  draiitiy  can  be  placed  on  the  same  chip. 
These  factors  make  the  successful  IC  implementation  of  switched  capadtor  filters 
very  attractive. 

B.  SWITCHED  CAPACITOR  IMPLEMENTATION 

A  switched  capadtor  circuit  is  con^wsed  of  switches,  csq)adtors  and  a  dock. 
The  tymbolic  notation  for  this  thesis  is  now  identified.  The  switch  tymbols  will 
always  be  shown  in  the  open  position.  The  tystem  has  an  n-phase  dock,  where  there 
are  n  segments  in  the  dock  period  T.  For  this  thesis  a  two  phase  dock  will  be  used. 
Each  switch  of  the  circuit  is  associated  with  a  dock  phase  designated  by  ff^  where  k 
is  an  integer  representing  the  number  of  phases  of  the  dodc  ranging  from  1  to  n. 
lypifrally  a  switdi  doses  only  once  per  dock  cyde.  It  is  inq)erative  in  switched 
capadtor  networks  that  no  two  switdies  driven  Ity  different  phases  of  the  dock  be 
dosed  simultaneousty,  resulting  in  a  short  circuit  Therefore  it  is  necessary  that  each 
phase  of  the  dock  has  less  than  a  50%  duty  ^de.  This  results  in  a  dock  with 
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nonoverlapping  phases.  A  bipolar  two  phase  nonoverlaj^ing  dock  is  shown  in 


Figure  3.1.  A  convenient  phase  notation  is  denoted  defining  odd  as  and 
defining  even  as  §2.  Thus  the  sampled  data  wave  forms  can  be  stated  as  the  sum  of 
their  even  (e)  and  odd  (o)  conqK>nents. 


The  transfer  function  of  a  switched  capadtor  network  can  be  represented 
four  different  transfer  fimctions  which  correspond  to  the  even  and  odd  phases  for 
both  ipput  and  output  A  useful  notation  for  the  transfer  function  is  shown  in 
Equation  3.1,  where  i  and  j  can  either  be  e  or  o. 
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(*) 


vLt  (g) 
vi  iz) 


(3.1) 


Switched  csqpadtor  networks  have  sampled  data  characteristics  and  can  be 
treated  sunilar  to  digital  filters  and  analyzed  in  the  z-domain.  However,  switdied 
capacitor  networks  are  analog,  thus  the  concq>ts  of  inq)edance  and  load  vdiich  are 
absent  in  the  digital  filters  are  retained.  To  resolve  this  problem  and  to  be  able  to 
appty  network  theory,  z-domain  equivalent  circuits,  known  as  building  blodcs,  are 
used.  Each  switched  capacitor  unit  has  a  corresponding  z  domain  equivalent  circuit 
or  building  block.  These  building  bloda  can  then  be  joined  together  to  form  an 
overall  z  domain  equivalent  circuit 

C  SWITCHED  CAPACITOR  EQUIVALENT  RESISTORS 

Switdied  ciqiadtor  equivalents  of  a  continuous  resistor  can  be  obtained  by 
several  methods.  The  goal  is  to  replace  the  resistor  with  a  switched  ciqiadtor 
equivalent  that  exhibits  the  same  performance  characteristics  as  the  continuous 
resistor.  Several  methods  have  been  devel(^>ed  for  continuous  resistor  realization. 
One  of  these  methods,  the  parallel  switdied  ciqiadtor  realization  of  a  resistor  is 
shown  in  Hgure  3.2.  Initial^  both  switches  are  open  and  the  capadtor  is  without 
charge.  During  the  odd  phase,  the  switch  at  f  ^  is  dosed  and  the  capadtor  charges 
to  Vj  as  shown  by 
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0  (to  ♦  T/2)  -  C  Vj 


(3.2) 


The  nonoverls^ing  dods  then  opens  the  •}  switch  before  it  doses  the  #2 
switch.  When  §2  is  dosed,  C  is  charged  to  V2.  During  this  phase  the  charge  is 


0  (t,  ♦  T)  -  c  V,  -  C  Vj 


(3.3) 


The  final  diarge  on  the  o^adtor  during  a  phase  is  not  necessarily  equal  to  the 
charge  flowing  past  the  voltage  sources  during  that  period.  The  current  can  be 
expressed  as 


19 


i*  dq  /  dt 


(3.4) 


where 


dq  •  C  dv 


(3.5) 


For  dV  *  Vj  -  Vi,  (3.5)  becomes: 

dq  -  C(Va  -  V,) 


(3.6) 


which  when  averaged  yields 


CIV,  -  y,) 
r 


(3.7) 


or 


(^1  -  m 


I 


(3.8) 


^di  yields  the  following  relationship  for  parallel  realization: 

(3.9) 
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where  T  is  the  dock  period. 


The  relationship  of  the  dock  frequency  to  the  signal  frequenqr  is  a  critical 
element  in  the  switched  capadtor  network.  The  dock  frequency  is  related  to  the 
switched  c^adtor  frequency  by  modifying  Equation  3.9  to  become 

(3.10) 


where 


1 

T 


(3.11) 


This  equation  holds  as  long  as  the  dock  frequency  is  much  larger  than  the  signal 
frequent  or 


t^»  2%  f 


(3.12) 


so  that  the  signals  at  the  voltage  sources,  Vj  and  V2,  can  be  assumed  to  be  constant 
over  the  dock  period,  T.  Also,  if  the  switdied  frequency  is  mudi  higher  than  the 
signal  frequency,  the  time  sampling  whidi  occurs  in  the  circuit  can  be  ignored 
[Rel  6].  In  this  case  the  switched  capadtor  equivalent  resistor  can  generally 
be  considered  as  a  direct  replacement  for  the  continuous  resistor.  When  the  switch 
frecpiency  is  much  larger  than  the  signal  frequency  the  signal  is  approximately 
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constant  and  the  current  for  the  circuit  can  be  expressed  as  in  Equation  3.7.  RC 
time  constants  are  direct^  affected  by  the  dodc  frequent  according  to 


t  ■  j?  c  ■ 


(3.13) 


ndiere  is  the  switdied  c{q)acitor  value.  This  ^es  great  potential  for  programming 
a  switched  capacitor  output  according  to  the  iiq)ut  dock  frequen^.  The  dock 
frequency  in  this  research  was  chosen  to  be  an  order  of  magnitude  greater  than  the 
signal  frequent,  whidi  is  based  upon  a  maximum  signal  frequency  of  100  KHz. 

D.  CHARGE  CONSERVATION  ANALYSIS 

This  method  of  switched  capadtor  analysis  is  sli^tty  different  than  Kirchoffs 
current  law.  In  this  method,  the  diaige  q  is  used  instead  of  the  current  L  Because 
of  the  two  phase  nonoverlapping  dock  operation,  a  pair  of  charge  conservations  are 
realized  which  characterize  the  diarge  condition  of  eadi  node  for  each  sample 
instant  A  pair  of  equations  consists  of  both  the  equation  for  the  even  sampling 
times  and  the  odd  sampling  times.  The  pair  of  equations  for  a  two  phase  dock  are 

Qx  itf)  •  qS  {t)  *  flj'*  (t)  e'  >  t 


for  an  even  dock  phase,  #2  and 

ffi  (t')  •  (t)  ♦  flS'*  (t)  >  t 


(3.15) 
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for  an  odd  dock  phase,  f  j,  where  qi(t')  is  the  charge  on  the  node  at  the  reference 
tune,  qa,(t)  is  the  charge  on  the  node  remaining  from  the  previous  phase,  and  qc(t) 
is  the  new  charge  added  to  the  particular  node. 

Switched  capadtor  networks  are  mainly  characterized  by  their  transfer  functions 
whidi  have  the  discrete  time  voltage  v(kT),  and  discrete  time  diarge  differentiation 
AqO^l)  as  variables.  Assuming  a  switched  capadtor  network  with  i  capadtors,  where 
the  total  number  of  capadtors  is  N,  coimected  to  a  node  P  during  even  and  odd 
dock  phases,  the  charge  at  the  node  can  be  expressed  as 

Ag;  (uD  -  ini)  -  I (n  -  1)31  (3.16) 


for  even  n,  and  i  *  1,2,.. 


(ai)  •Yu  ^  '  Zi  t  (n  -  1)  n 


(3.17) 


for  odd  n,  and  i  » 

In  the  z-domain  the  above  charge  equations  can  be  written  as 
A  o;  iz)  •Yi  <*>  -  *■*'*  Zi  C* 

where  i  l,2,..4^q,  and 

A  (?;  (r)  -  Yi  oSi  <*)  -  Yi 
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where  i  »  1  A~^op* 

E.  EXPERIMENTAL  DEMONSTRATION  OF  SWITCHED  CAPACITORS  AS 

EQUIVALENT  RESISTORS 

Experimental  verification  of  the  theoretical  and  mathematical  equivalent 
resistance  relationship  between  switdied  capacitor  networks  for  which  the  output 
signal  was  a  sanq>led  analog  signal  was  done  previous^  [Ref.  S].  The  two  phased 
dodc  required  for  the  switdied  capadtor  network  realizations  is  generated  fit>m  a 
single  dock  in  a  circuit  shown  in  Figure  33.  This  circuit  produces  the  two  phase 
nonoverh^ing  dock  required  by  the  switched  capadtor  networks  and  is  used 
throughout  this  thesis.  The  NOR  gate  output  is  higji  onty  when  both  inputs  are  low, 
which  ensures  that  when  one  phase  is  high  that  the  other  phase  will  be  low.  The 
circuit  elements  used  in  the  lab  are  composed  of  a  Hewlett  Padcard  3312A  Function 
Generator  which  generates  a  bipolar  square  wave  input  dodc  signal,  CD4049CN 
CMOS  bipolar  gates  for  the  inverters,  and  the  CD4001BEX  CMOS  bipolar  gate 
which  provides  the  NOR  gate.  The  inverters  have  a  switdiing  delay  of  approximate^ 
20  ns  and  the  NOR  gate  has  a  switching  delay  of  approximately  20  ns. 

The  actual  delay  in  the  assembled  circuit  was  found  to  be  60  ns  as  predicted. 
Although  the  CMOS  switches  have  a  maximum  switch  rate  of  approximately  5  MHz; 
the  dock  switching  delay  combined  with  the  65  dB  gain  limits  of  the  anqilifier,  and 
a  antidpated  maximum  signal  frequent  less  than  100  KHz,  pronq>ted  the  use  of  a 
1  MHz  dock  to  drive  the  switched  capadtor  circuits  in  this  research.  In  previous 
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Figure  3.3  Two  Phase  Nonoverlapping  Clock  Circuit 

work  a  simple  voltage  divider  was  constructed  to  demonstrate  how  dosely  the 
experimental  results  matched  the  computed  values  [Re£.  5].  The  switdies  used  in  the 
switched  o^adtor  networks  were  MC4066B  CMOS  bilateral  switdies.  These 
switches  are  used  throughout  this  research.  The  lower  channel  resistance  (80  ohms 
maximum)  makes  these  devices  suitable  for  switdied  capadtor  networks  and  are  used 
in  all  stages  of  this  research.  The  experimental  results  showed  some  deviation 
between  the  switched  capadtor  networks  and  the  computed  values.  These  deviations 
are  caused  by  nonideal  properties  of  the  switched  capadtors. 

It  was  shown  ejqieiimentally  in  [Ref.  5]  that  only  a  particular  range  of  ratios  of 
capadtors  and  dodc  frequendes  provided  accurate  results  for  the  switched  capadtor 
realizations.  The  variations  were  due  to  parasitic  capadtances  inherently  present  in 
the  components.  Methods  for  dealing  with  parasitic  capadtances  will  be  discussed 
in  the  next  chiqiter. 


The  bilmear  realization  from  [Rel  S]  yielded  the  best  results  from  among  the 
realizations  tried,  but  were  still  hundred  by  the  parasitic  cq)acitanoes  inherent  in 
the  design.  Because  of  the  parasitic  capacitances,  the  final  equivalent  resistor  values 
were  found  to  be  lower  than  predicted.  Under  prr^r  conditions,  however,  the 
parasitic  ciq)acitanoes  of  a  switched  capacitor  network  can  be  nullified  which  will 
bring  the  equivalent  resistances  back  to  the  expected  values. 

F.  NONIDEAL  PROPERTIES  OF  SWITCHED  CAPACITORS 

Tbe  use  of  CMOS  FET  as  switches  introduces  some  secondaiy  effects  to  the 
switdied  oeqiacitor  networks.  These  effects  may  be  classified  as  follows: 

1.  dock  feed  through 
Z  offset  error  and  noise 

3.  nonlinear  P«N  junction  capadtance 

4.  Incomplete  transfer  of  diarge 

The  dock  feed  through  will  be  discussed  in  the  following  ch^ter.  Offset  error 
and  noise  are  not  addressed  in  this  thesis.  Tbe  nonlinear  P*N  junction  capadtance 
and  the  inconq>lete  transfer  of  duuge  are  forms  of  parasitic  c^adtances  and  will  be 
discussed  in  the  next  dttqner. 
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IV.  PAIUSmC  niEE  SVmOlED  CAPACrrOR  NETWORKS 


A.  GENERAL 

Switched  capacitor  networks  provide  several  advantages  in  IC  manufacturing. 
A  primary  advantage  is  gained  in  the  accurate  prediction  of  manufactured  conqronent 
values.  Precise  absolute  values  of  C  and  R  are  required  for  the  acairate 
inqrlementation  of  Q  and  the  realization  of  precise  comer  frequencies.  In  addition 
to  being  area  erqrensive,  resistors  are  accurate  to  onty  about  25%  and  may  require 
erqrensive  laser  trimming.  IC  implementation  of  a  switdied  capacitor  network  can 
produce  an  equivalent  RC  product  with  a  comparative  accuracy  of  .1%.  This  is  due 
to  the  fact  that  this  quantity  is  determined  by  capacitor  ratios  in  switched  csq>acitor 
realizations,  as  explained  in  the  previous  chsqjter.  The  resistor  values  in  a  switched 
capacitor  composite  op  anq>  vary  ly  a  fs^or  of  a,  so  the  switdied  capadtor 
conqiosite  op  anqi  can  be  manufactured  with  this  same  conqiarative  accunuy.  This 
accuracy,  however,  is  achieved  only  if  the  parasitic  capadtances  can  be  nullified  or 
removed.  Parasitic  capadtances  are  unpredictable  and  can  significantly  affect  the 
performance  of  a  switched  capadtor  network.  Switched  capadtor  parasitic 
oqiadtances  cannot  be  removed  with  present  technology;  however,  th^  can  be 
nullified  with  a  modified  circuit  topology.  The  goal  of  this  chapter  is  to  show  a 
parasitic  free  switched  capadtor  topology  and  demonstrate  its  properties. 
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B.  PARASITIC  CAPACITANCES 

In  integrated  drcuits,  charge  differences  exist  between  the  silicon  layers 
con^iising  the  substrate  and  the  plates  of  the  ciqracitor.  These  charge  differences 
are  inherent  to  the  construction  of  the  components  which  causes  ui^redictable  error 
to  be  introduced  into  the  designed  component  These  charges  are  manifested  as 
parasitic  capadtances  that  are  present  in  the  integrated  circuit  Figure  4.1  from 
[Ret  7]  shows  the  parasitic  cq)acitances  associated  with  an  integrated  circuit 
capacitor.  Parasitic  capacitances  exist  between  the  bottom  plate  of  the  capacitor  and 
the  substrate,  and  between  the  top  plate  of  the  capacitor  and  the  substrate,  Q. 
The  tq)  plate  parasitic  capacitance  includes  the  metal  connections  from  the  top  plate 
to  other  conqraitents  and  the  nonlinear  capacitance  of  the  source-drain  diffusions  of 
the  switches.  The  value  for  the  parasitic  capacitances  between  the  top  plate  and  the 
substrate  is  typicalty  between  10  and  20  percent  of  the  design  value  of  the  opadtor. 
The  parasitic  opadtance  associated  with  the  t(p  plate  of  the  capadtor  is  betwemi 
one  and  five  percent  of  the  design  capadtor  value.  A  ^cal  method  of  nullifying 
the  effects  of  the  bottom  plate  capadtance  is  to  connect  the  bottom  plate  to  ground, 
an  independent  voltage  source  or  an  op  amp  ouput 

Additional  parasitic  opadtances  are  introduced  the  gates  that  perform  all 
the  switching  in  the  network.  These  parasitic  capadtances  are  manifested  through 
the  gate-source  cq)adtance  and  the  gate-drain  capadtance.  In  addition  to  adding 
parasitic  capadtances,  the  CMOS  switches  although  not  a  part  of  the  signal 
transmission,  allow  the  coupling  of  switching  noise  of  the  dodc  phases  f  j  and  §2  to 
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Figure  4.1  ParesiClc  Capacitances  for  an  Integrated  Circuit  Capacitor 

the  signal  resulting  in  dock  feedthrough.  Figure  42  shows  a  switched  csq>adtor 
integrator  circuit  inq)lemented  with  CMOS  switches.  Figure  43  shows  this  circuit 
with  the  associated  parasitic  capadtances.  The  parasitic  capadtances  of  this  circuit 
are  reduced  to  the  effective  parasitic  capadtances  of  Figure  4.4  by  the  following 
arguments. 

The  capadtors  between  the  inverting  iiqmt  of  the  op  amp  and  the  switch  are 
at  virtual  ground  and  thus  always  shorted.  Hie  parasitic  capadtances  between  the 
output  of  the  op  amp  and  ground  as  well  as  the  parasitic  capadtances  that  are  driven 
by  the  voltage  source  are  inconsequential  The  effective  parasitic  capadtances  that 
actualfy  contribute  to  the  circuits  parasitic  inaccurades  are  shown  in  Figure  4.4.  The 
error  that  is  introduced  by  the  parasitic  capadtances  of  Figure  4.4  is  given  by 
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Figure  4.2  Switched  Capacitor  Integrator  Circuit 
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Figure  4.4  Integrator  Circuit  with  Effective  Parasitic  Capacitances 

where  the  gain  error  is 


1  ♦ 


(4.2) 


which  can  be  significant  By  modifying  the  circuit  topology,  the  effects  of  the 
remaining  parasitic  cs^adtances  in  the  circuit  can  be  nullified.  The  succeeding 
section  will  show  the  conqmnent  placement  for  the  modified  circuit  topology  and 
demonstrate  the  parasitic  free  switched  capacitor  networL 

C  A  PARASmC  FREE  SWITCHED  CAPACITOR  NETWORK 

Several  practical  considerations  must  be  taken  into  account  when  designing  ai^ 
MOS  switched  capacitor  network.  When  implementing  a  switched  capacitor 
realization  of  a  resistor  in  the  feedback  loop  of  an  op  amp,  an  open  loop  situation 
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can  occur  because  the  two  phase  nonoverlapping  dock  ensures  the  switdi  dosings 
for  eadi  phase  do  not  overlap,  which  causes  stability  problems.  This  stability 
problem  can  be  overcome  with  the  addition  of  an  unswitdied  c£^)adtor  in  parallel 
with  the  switched  capadtor  equivalent  resistor.  In  addition,  no  op  anq)  iiqmt  node 
can  have  onty  capadtors  attached,  but  a  DC  path  to  ground  or  a  voltage  source  must 
be  provided  for  op  anq)  biasing  purposes.  To  facilitate  the  reduction  of  parasitic 
capadtances,  the  bottom  plate  of  the  capadtors  should  be  grounded  or  connected  to 
a  voltage  source  via  a  switch.  This  will  eliminate  the  10  to  20  percent  parasitic 
capadtance  induced  between  the  bottom  plate  and  the  substrate.  Also  the 
noninverting  terminal  of  the  op  anq)  shotdd  be  connected  to  a  constant  voltage 
source  to  avoid  common  node  rejection  problems  that  introduced  by  the  coiq>ling 
between  the  two  iiqmt  terminals. 

A  modified  drcuit  topology  of  the  integrator  circuit  of  Figure  4S  eliminates  the 
effects  of  parasitic  caq>adtanoes  found  in  the  switdied  capadtor  equivalent  resistor. 
Placing  two  addition  switches  for  each  switched  capadtor  equivalent  resistor,  as 
shown  in  Figure  4.5,  will  nulfify  the  effects  of  the  parasitic  capadtances  in  this  drcuit 
This  switched  capadtor  equivalent  resistor  configuration  is  called  the  modified  Open 
Floating  Resistor  (OFR)  configuration.  This  configuration  can  be  demonstrated  to 
parasitic  free. 

The  parasitic  ciq)adtances  associated  with  Figure  4.5  are  shown  in  Figure  4.6. 
The  effective  parasitic  ciq)adtances  of  the  integrator  circuit  in  Figure  4.6  can  be 
found  by  removing  those  parasitic  capadtances  connected  between  ground  and 
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ground,  as  well  as  those  connected  between  ground  and  a  voltage  source  as  done  for 
the  integrator  circuit  of  Figure  43.  The  remaining  parasitic  capacitances  of  the 
integrator  circuit  are  shown  in  Figure  4.7.  The  remaining  parasitic  capacitances  are 
rendered  inconsequential  by  the  two  additional  switdbes  which  are  controlled  by  the 
nonoverlapping  two  phase  dock. 

Figure  4.8  shows  the  positions  of  the  gates  at  During  the  switch  dosure  at 
#2  the  capadtor  is  complete^  discharged  to  ground  removing  any  untransferred 
charge  remaining  on  the  node.  During  dock  phase  f  ^  the  capadtor  is  charged  to  the 
iqjplied  voltage  difference,  as  shown  in  Figure  4.9,  allowing  the  transfer  of  diarge 
through  the  node.  During  #2,  C,  diaiged  to 

Q  •  (4.3) 

This  cyde  is  then  repeated.  For  a  switching  rate  of  T,  the  average  current  through 
the  branch  is 


i 


c 

T 


(Vi,  - 


(4.4) 


Similarly  a  non-inverting  parasitic  free  switched  capadtor  integrator  can  also  be 
realized  as  shown  in  Figure  4.10  using  an  OFR  switching  arrangement 
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Figure  4.5  Modified  OFR  Switched  Capacitor  designed  Integrator  CSrcuit 


Figure  4.6  Parasitic  Capadtanoes  in  OFR  Switched  Capacitor  Integrator  Circuit 
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Egure  4.7  Effective  Parasitic  Q^adtances  of  OFR  Switdied  Capacitor  Integrator 
Circuit 


u 


Figure  4.8  Integrator  Circait  With  f  j  Gates  Qosed 


37 


Hgure  4.9  Integrator  Circuit  With  §2  Gates  Qosed 


f 
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Figure  4.10  OFR  Switched  Capacitor  designed  Integrator  Circuit 
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D.  Z-DOMAIN  ANALYSIS  OF  THE  MODIFIED  OPEN  FLOATING  RESISTOR 


The  z-domain  analysis  of  the  transfer  function  of  the  modified  open  floating 
resistor  is  obtained  by  obtaining  the  charge  equations  or  the  z-transform  nodal 
equations  on  the  network  during  the  clock  phases.  Eight  nodal  equations  exist  for 
a  four  port  switched  capacitor  block  when  analyzed  in  the  z<domain.  The  general 
equation  assumes  a  voltage  potential  on  each  port  The  z>domain  nodal  charge 
relations  for  the  first  of  the  four  nodes  for  an  even  dock  phase  is  given  the 
following  equation: 

Afli*  (*)  -  CV^{z)  -  CV^(2)  -  (z)  ♦  Cz‘^»Vt<z)  (4.5) 

The  nodal  charge  relation  for  the  odd  clock  phase  is 

AOf(z)-0  (4.6) 

The  nodal  charge  relation  for  the  second  node  are  similar  with 

AiJi*  (z)  -  -  cvf(z)  ♦  cvjtz)  ♦  cr-»'»i^(z)  -  cz*»'»vf(z) 

4 

for  the  even  dodc  phase  and 

AO?  (z)  -  0 


(4.7) 


(4.8) 
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for  the  even  phase.  The  nodal  charge  relations  for  the  third  node  are 


OAft*  (*)  -  0 


(4.9) 


for  the  even  phase  and 


Aft*  (*)  -  -  ♦  Ctf(z)  -  CVtkz'i  (4.10) 


for  the  odd  phase.  The  nodal  charge  relations  for  the  fourth  node  are 


Aof  (z)  -  0 


(4.11) 


for  the  even  dock  phase  and 


Aflf  (z)  -  Cz-*^t^(z)  -  Cz-»'*V?(z)  -  CVf(z)  ♦  Ctf{z)  (4.12) 


for  the  odd  dock  phase.  In  this  modified  OFR  network  the  terminals  at  nodes  one 
and  two  are  connected  to  ground.  This  simplifies  the  preceding  equations  so  that  the 
first  and  second  nodal  equations  are  always  equal  to  zero.  The  third  and  fourth 
nodal  equations  are  modified  such  that  the  time  delayed  influences  on  the  charges 
are  removed.  The  modified  third  and  fourth  nodal  relations  are 


Aft*  (z)  -  0 


(4.13) 
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The  z-domam  nodal  relations  have  been  reduced  to  the  equivalent  of  a  continuous 
resistor  in  the  modified  OFR  network.  Hie  grounding  of  the  first  and  second  nodes 
has  removed  the  delayed  effects  of  the  incomplete  charges  that  would  have  otherwise 
been  left  on  the  nodes.  These  modified  OFR  switdied  ciqiacitor  networks  will  now 
be  implemented  into  the  composite  op  amp  configuration. 

E.  SUMMARY 

Switched  cqiadtor  networks  can  perform  predictabty  and  reliabfy  when  their 
parasitic  capacitances  are  constrained  to  be  ineffective.  The  parasitic  capacitances 
of  a  switdied  ciqiadtor  network  can  be  effective^  eliminated  by  utilizing  an 
appropdatc  circuit  topology,  such  as  the  topology  of  the  modified  OFR  network. 
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This  parasitic  free  switched  capacitor  networks  will  now  be  in^lemented  into  a 
conqx>site  operational  amplifier. 
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V.  STRAY  INSENSITIVE  SWITCHED  CAPACITOR  COMPOSITE  AMPLIFIERS 

A.  INTRODUCTION 

The  stray  insensitive  switched  capacitor  composite  op  amp  network  is  a  very 
interesting  and  a  very  useful  composite  of  switched  capacitor  networks  and  active 
conqmnents.  The  switched  capacitor  realization  of  resistors  allows  more  efficient  use 
of  IC  area  and  more  accurate  component  manufacturing,  while  the  composite  op 
an^  increases  the  GBWP  of  the  ^tem  and  reduces  the  overall  network  active  and 
passive  sensitivities.  Most  active  switched  capacitor  networks  are  frequency  range 
limited  due  to  the  settling  time  of  the  op  amps  used  in  the  circuit  MOS  op  anq)s 
can  be  designed  with  S  micro  second  settling  time  to  reach  .1%  of  its  final  value  to 
a  step  response.  Based  on  this  settling  time,  a  1  MHz  clodc  was  chosen  to  keep  the 
switching  frequent  much  greater  than  the  signal  frequency.  This  will  allow  for  the 
relaxation  of  the  requirements  on  the  reconstruction  filter  and  avoid  warping  of 
frequencies. 

The  general  design  approach  of  this  thesis  is  an  extension  of  the  designs 
e]q)lained  in  [Rel  2]  and  [Rel  S].  The  goal  of  this  thesis  is  to  mq)lement  the 
conqx)site  op  amp  with  switched  capacitor  equivalent  resistors  as  a  finite  gain 
amplifier  and  verify  its  performance  against  the  continuous  composite  op  amp 
performance.  Then,  this  switdied  capacitor  composite  op  amp  will  be  implemented 
in  a  band  pass  filter  and  the  results  compared  against  the  continuous  band  pass  filter. 
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In  this  research,  onfy  the  composite  op  amp  is  in^lemented  vdth  switched  capacitors; 
the  remainder  of  the  network  is  implemented  with  continuous  resistors  and 
capacitors, 

B.  THE  PROPOSED  SWITCHED  CAPACITOR  COMPOSITE  OP  AMP 

The  basic  conq>onents  of  the  parasitic  free  switched  c^adtor  C20As  are  the 
superior  performing  C20As  and  the  modified  OFR  switdied  capacitor  realization  of 
a  resistor  whose  parasitic  free  operation  was  establidied  in  the  previous  chapter. 
From  the  four  C20As  that  showed  superior  continuous  results,  C20A-1  was  initially 
diosen  and  developed  in  a  finite  gain  switdied  capadtor  circuit  Subsequently 
C20A-2  was  also  implemented  in  a  finite  gain  switched  capadtor  circuit  The 
conqiosite  op  anqi  inplementadon  was  accomplished  with  the  substitution  of  the 
modified  OFR  switched  cqiadtor  network  for  each  resistor  in  the  composite  op  amp 
configuration,  as  shown  in  the  inqilemented  design  of  Figure  5.1.  The  switched 
capadtor  composite  op  anq>  is  constructed  of  two  switdied  capadtors  with  their 
corresponding  switches,  one  unswitched  capadtor,  and  two  LM741  op  amps.  The 
value  of  the  switched  csqiadtors  were  chosen  to  ensure  the  proportionality  requisite 
to  producing  a  maximally  flat  gain  response.  The  value  of  Q  for  a  maximally  flat 
gain  response  is  .7071.  The  value  of  a  for  the  C20A-1  can  be  determined  with  the 
value  of  Q  and  the  equations  in  Table  22  to  be  6.1.  The  measured  switched 
capadtor  values  in  the  circuit  were  130  pf  and  730  pi  The  unswitched  capadtor  was 
placed  across  the  feedback  loop  of  each  op  amp  to  ensure  an  open  loop  condition 
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did  not  occur.  This  capacitor  value  was  measured  at  46  pi  Verification  of  the 
GBWP  was  to  be  acconq>lished  hy  choosing  a  gain  of  100  and  thus  avoiding  the 
limitations  of  the  natural  poles  of  the  op  amps.  The  continuous  resistor  values  were 
chosen  at  1  Ka  for  the  ii^ut  resistor  Rj,  and  100  KQ  for  the  feedback  resistor  Rf. 
Tbe  finite  gain  switched  capacitor  circuit  for  the  C20A-1  is  shown  in  Figure  5.2. 

The  implemented  switched  capacitor  C20A-2  circuit  is  shown  in  Figure  53. 
The  maximally  flat  gain  response  criteria  determined  the  value  of  a  to  be  6.1.  The 
measured  switched  capacitor  values  in  the  circuit  were  46  pf  and  252  pf,  A  gain  of 
100  was  chosen  to  verify  the  GBWP  agaiost  the  previous  results  and  also  avoid  the 
limitations  of  the  natural  poles  of  the  op  amps.  The  continuous  resistor  values  were 
chosen  at  1  Kfl  for  the  input  resistor  R„  and  100  Ka  for  the  feedbadc  resistor  Rf. 
An  unswitched  capacitor  was  placed  across  the  feedback  loop  of  eadi  op  amp  to 
ensure  an  open  loop  condition  did  not  occur.  These  capacitor  values  were 
approximatefy  70  pi  Changing  the  absolute  values  of  the  switched  capacitors  did  not 
measurabfy  affect  the  circuit  as  long  as  the  value  of  a  remained  constant  This 
demonstrated  the  dependence  of  the  conq>osite  qp  anq>  on  the  relative  value  of  o. 
The  ejq)erimental  results  will  be  shown  in  the  next  chapter. 

Finalfy  the  switched  capacitor  C20A-1  was  inq)lemented  in  a  band  pass  filter 
circuit  The  flat  gain  response  was  implemented  with  the  value  of  a  equal  to  6.1. 
The  conqmnents  exterior  to  the  composite  op  amp  were  continuous  elements.  R^ 
was  chosen  at  100  o,  R,  was  chosen  at  16  Ka  and  R,  was  chosen  at  5.6  Ko.  Q  was 
chosen  at  8  nf  and  was  chosen  at  260  pi  The  output  signal  goes  through  a  low 
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pass  filter  coniprised  of  Rj  and  C2  to  remove  mudi  of  the  dodc  signal  from  the 
output  signal. 

The  in:q>lemented  circuit  is  shown  in  Figure  5.4.  The  value  of  the  ratio,  a, 
remained  the  same  for  the  band  pass  filter  circuit;  however,  the  values  of  the 
switched  o^adtors  were  dianged.  For  the  band  pass  filter  circuit  the  switched 
cqmdtor  values  were  259  pf  and  1.61  nf. 

The  circuit  diagram  for  the  switched  capadtor  C20A-1  is  contained  in  Figure 
53,  and  the  circuit  diagram  for  switched  capadtor  C20A-2  is  contained  in  Figure  5.6. 


Figure  5.1  Switched  Capadtor  C20A-1  Configuration 
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Hgure  52  Finite  Gain  Switched  Capacitor  C20A-1  Configuration 
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Figure  53  Switched  Capacitor  C20A-2  Configuratioii 


Figure  5.4  Bandpass  Switched  Capacitor  C20A-1  Configuration 


\ 


» 
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Figure  5.6  Modified  OFR  C20A-2  Circuit 
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VL  EXPERIMENTAL  RESULTS 


A.  THE  STRAY  INSENSITIVE  SWITCHED  CAPACITOR  COMPOSITE 

OPERATIONAL  AMPLIFIER  IMPLEMENTATION 

The  parasitic  firee  switdied  a^adtor  con^osite  (q>  amp  in  the  finite  gain  circuit 
was  inq>lemented  as  designed  in  Chapter  V.  The  1  MHz,  two  phase  nonoverlapping 
dock  iiqnit  signal  was  generated  by  a  Hewlett  Packard  3312A  Function  Generator, 
ming  the  design  discussed  in  Chapter  IIL  The  magnitude  of  the  dock  signal  was  set 
to  plus  or  minus  five  volts.  The  power  supply  for  the  networks  was  provided  by  a 
Tektronix  PS  503  A  Dual  Power  Supply.  The  magnitude  of  V^was  set  at  plus  seven 
volts  and  the  magnitude  of  V*  was  set  at  minus  seven  volts.  The  input  signal  was  a 
sine  wave  generated  by  an  Exact  Model  120  Waveform  Generator.  A  second  ii^t 
signal  source  used  for  the  band  pass  filter  implementation  was  a  5wq>t  sine  wave 
generated  by  a  Tektronix  5L4N  Spectrum  Analyzer.  This  signal  was  used  to  test  the 
firequency  response  of  the  networks.  Measurements  were  taken  on  the  Tektronix 
SIAN  Spectrum  Analyzer,  a  Hewlett  Packard  3561 A  Dynamic  Signal  Analyzer  and 
a  Cos  6100  M  Oscilloscope. 

Some  problems  are  present  ^ch  may  cause  changes  in  the  response  of  the 
network.  These  indude 

1.  Capadtor  values  on  the  order  of  pico  farads  within  the  prototype  board. 
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2.  The  measuring  probes  have  some  capacitive  input  impedance. 

3.  Grounding  problems. 

4.  Equipment  scaling  problems. 

5.  Capacitor  values  change  within  their  tolerance  limits. 

Measurements  were  taken  and  the  results  were  conq>ared  with  the  results  obtained 
by  the  continuous  network  of  identical  design.  Gock  feed  through  was  seen  as  noise 
on  the  output  signal  This  noise  can  be  reduced  by  feeding  the  output  signal  through 
a  low  pass  filter  as  shown  in  Figure  5.4.  This  is  designed  to  allow  the  signal  to  pass 
and  block  the  higher  dock  frequency.  Qodc  noise  was  also  present  in  the  circuit 
through  the  power  cords  of  the  equipment.  This  noise  was  significantly  reduced 
inserting  one  microfarad  capadtors  between  and  ground  and  between  V  and 
ground. 

B.  THE  FINITE  GAIN  SWITCHED  CAPACITOR  COMPOSITE  OPERATIONAL 

AMPLIFIER 

The  finite  gain  switched  ctqiadtor  CZOA-l  circuit  was  inq>lemented  with  a  gain 
of  100.  An  input  peak  to  peak  signal  voltage  of  30  mv  was  produced  by  putting  the 
Exact  Model  120  signal  through  a  finite  gain  op  amp  with  a  gain  reduction  of  100. 
The  gain  on  the  output  of  the  circuit  was  3  volts  peak  to  peak  as  predicted.  The 
continuous  finite  gain  C20A-1  circuit  demonstrated  a  3  dB  frequency  of  81.75  K  Hz. 
The  switched  csq)adtor  finite  gain  C20A>1  circuit  demonstrated  a  3  dB  frequent 
of  68.75  K  Hz.  In  contrast,  the  3  dB  frequent  of  a  single  op  amp  in  the  same  finite 
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gain  configuration  yielded  a  value  of  only  8  KHz.  Figure  6.1  shows  the  continuous 

finite  gain  conq>osite  op  amp  signal  over  the  switched  capacitor  composite  op  amp 

signal  The  noise  from  the  clodc  signal  is  visible  in  both  the  continuous  and  the 

switched  capacitor  signal  The  noise  on  the  continuous  signal  is  due  to  the  noise 

generated  the  dock  through  the  circuit  board,  rather  than  the  dock  feed  through  , 

noise.  The  dock  feed  through  noise  is  also  apparent  on  the  lower  switdied  capadtor 

signal  The  voltage  scale  for  Figure  6.1  is  one  volt  per  division,  where  the  signals 

measure  fotir  volts  peak  to  peak.  The  addition  of  a  low  pass  filter  removes  much  of 

the  dock  assodated  noise  as  seen  in  Figure  62.  The  upper  signal  is  the  original 

switched  capadtor  composite  op  amp  output  signal  and  the  lower  signal  is  the  same 

signal  after  being  fed  through  a  low  pass  filter. 

The  implementation  of  the  C20A-2  into  the  finite  gain  circuit  showed  similar 
results.  The  3  dB  frequency  was  69.5  KHz.  Both  the  C20A-1  and  the  C20A-2 
circuits  showed  a  deaease  of  about  10  KHz  from  the  antidpated  results  in  the  3  dB 
frequen^.  This  deviation  is  probably  due  to  the  problems  previous^  mentioned. 

C  BANDPASS  SWITCHED  CAPACITOR  COMPOSITE  OPERATIONAL 

AMPLIFIER  nLTER 

The  band  pass  switdied  cspadtor  C20A-1  filter  was  implemented  as  designed 
inQupterV.  A  swept  sine  wave  input  generated  by  the  Tektronix  5L4N  Spectrum  ^ 

Anafyzer  was  qiplied  to  both  the  continuous  and  the  switched  opadtor  band  pass 
filter.  The  continuous  filter  demonstrated  a  center  frequency  of  1535  KHz.  The 
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Hgure  6.1  G>ntmuous  (Upper)  and  Switched  Capacitor  (Lower)  Finite  Gain 
Response 


upper  and  lower  3  dB  frequencies  of  this  circuit  were  17.15  KHz  and  13.85  KHz 
respective^  which  corresponds  to  a  filter  quality  factor  of 


0  - 


15.55 

17.15  -  13.85 


4.7 


(6.1) 


The  frequency  response  of  the  continuous  filter  is  shown  in  Figure  63. 

The  measured  center  frequency  of  the  switched  capacitor  filter  was  15.85  KHz. 
The  upper  and  lower  3  dB  frequencies  of  this  circuit  were  17.75  KHz  and  14.45  KHz 
respectively  which  corresponds  to  a  filter  quality  factor  of 
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Hgure  62  Unaltered  (Upper)  and  Filtered  (Lower)  Switched  Capacitor  Ou^ut 
Signals 


15.  as 


17.75  -  14.45 


■  4.8 


(6.2) 


The  frequency  response  of  the  switched  capacitor  filter  is  shown  in  Hgure  6.4.  The 
center  frequent  differed  by  approximately  3(X)  Hz.  A  superimposed  plot  of  both 
frequency  responses  is  shown  in  Figure  6.5.  The  plot  of  the  switched  capacitor 
frequent  response  has  been  translated  to  allow  the  superposition  of  the  plots.  The 
slight  variation  in  Q  is  again  probably  due  to  the  problems  stated  earlier  in  the 
chapter. 
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Figure  63  Contiimous  B:indpas$  Filter  Frequent^  Response 


Simulated  parasitic  capacitances  on  the  order  of  up  to  .’0  percent  of  the 
capacitor  value  were  introduced  in  to  the  circuit  and  produced  no  measmabie  change 
in  the  response  of  the  circuit  This  verifies  the  stray  insensitive  characteristics  of  the 
network. 
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Figure  Superimposed  Continuous  and  Switched  Capacitor  Filter  Outputs 
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VIL  CONCLUSIONS 


The  designs  described  in  this  thesis  present  a  practical  in^lementation  of  a 
parasitic  free  switched  capacitor  composite  op  amp  that  can  be  utilized  in  a  variety 
of  analog  network  applications.  The  parasitic  free  operation  is  accomplished  through 
the  appropriate  placement  of  switches  in  the  switched  capacitor  equivalent  resistors. 
Tlie  modified  OFR  switched  capacitor  realization  was  instrumental  in  achieving  these 
new  designs.  The  composite  op  amp  in  a  switdied  capacitor  mode  produces  superior 
results  that  are  nearly  the  equal  of  the  continuous  results.  The  design  requires  an 
accurate  uniform  dock  signal  for  switches  control.  Experimental  results  showed  the 
dose  agreement  between  the  continuous  and  the  switched  capadtor  results. 

This  research  can  be  extended  to  develop  a  parasitic  free  switched  capadtor 
wide  band  programmable  filter  using  digitally  programmable  switdies  as  presented 
in  [Ref.  1].  The  above  newty  developed  switdied  capadtor  composite  op  amp  would 
be  instrumental  in  such  a  realization.  This  study  can  also  be  applied  to  the  VLSI 
implementation  of  this  structure  into  a  single  chip.  These  novel  designs  would  have 
great  impact  on  the  implementation  of  Neural  Networks  in  integrated  form 
[Ref.  8]. 


59 


UST  OF  REFERENCES 


1.  Michael,  S.  Compose  Operational  Amplifiers  and  Thar  Application  in  Active 

NetworkSf  Phi).  Dissertation,  West  Virgicia  University,  Moigantown,  West 
Virginia,  August  1983. 

2.  Kollmoigan,  G.  S.,  Generation  of  Programmable  Composite  Operational 

Amplifiers  a  CMOS  Integrated  Circuity  Master's  Thesis,  Naval  Postgraduate 

School,  Monterey,  California,  December  1986. 

3.  Mildiael,  W.  B.,  and  KGchael,  S.,  "Composite  Operation  Amplifiers:  Generation 
and  Finite-Gain  .^[>plications,"  IEEE  Transactions  on  Circuits  and  Systems^  v. 
CAS-34,  No.  5,  May  1987. 

4.  Gregorian,  R.,  and  Temes,  G.  C.,  Analog  MOS  Integrated  Circuits  far  Sigrud 
Processings  Joto  Vfil^  &  Sons,  Inc.,  1986. 

5.  Yalldn,  C,  Digitally  Programmable  Active  Switched  Capadtar  FilterSs  Master's 
Thesis,  Naval  Postgraduate  School,  Monter^,  California,  Mardi  1987. 

6.  Broderson,  R.  W.,  Gray,  P.  R.,  and  Hodges,  D.  A.,  "MOS  Switdied  Capacitor 
Filters,"  Proceedings  of  the  lEEEs  v.67,  rp.  61-75,  January  1979. 

7.  Schaumann,  R.  S.,  Ghuasi,  M.  S.,  and  Laker,  K.  R^  Design  of  Analog  FUterSy 
Prentice  19S^. 

8.  Ismail,  M.,  Baher,  H.,  and  Midiel,  J.  Y.,  "Introduction  to  Analog  VLSI  Design,” 
short  course  presented  at  the  34th  Midwest  Symposium  on  Circuits  and 
Systems,  Monterey,  California,  May  1991. 


v 


60 


INITIAL  DISTRIBUTION  UST 


1.  Defense  Technical  Information  Center 
Cameron  Station 

Alexandria,  Virginia  22304-6145 

2.  library,  Code  52 

Naval  Postgraduate  School 
Monter^,  California  93943-5002 

3.  Chairman,  Code  EC 

Department  of  Electrical  and  Computer  Engineering 
Naval  Postgraduate  School 
Monterey,  California  93943 

4.  Professor  Sheiif  Michael,  Code  EC/Mi 
Department  of  Electrical  and  Computer  Engineering 
Naval  Postgraduate  School 

Monter^,  California  93943 

5.  Professor  Monique  P.  Fargues,  Code  EC/Fa 
Department  of  Electrical  and  Computer  Engineering 
Naval  Postgraduate  School 

Monterey,  California  93943 

6.  Lt  Ralph  C  Raisor 
366  North  4th  East 
Brigbam  City,  Utah  84302 


f 


61 


